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FORW•(WD

This report was prepared by the Materials Research and Developnent
Laboratory of the I1aterials and Processes Section of The Marquardt Corporation,
Van Nuys, California, under USAF Contract No. AF33(616)-7385. The contract
was initiated under Project No. 7381, "Materials Applications", Task No. 738103,
"Data Collection and Correlationd'. All work was administered under the direction
of the AF Materials Laboratory, Research and Technology Division, with Mr. C.
L. Harmsworth as project engineer. The program was conducted under subcontract
from the Hughes Tool Company, Culver City, California.

This report covers work perfonned between April 1962 and April 1963.



ABSTRACT

Tensile and creep properties to 500001? were determined for wrr.urý?,f.
unalloyed tungsten sheet in order to establish design criteria. Three IrAl,,
of material, prepared in accordance to the same specification, were unm,-i.

Hardness and tensile values below 2 5 00OF could be correlated. fTr
entire lots of material. Correlation was found at strain rate and hold tirA,:
versus tensile strength properties or elongation values, at certain temj,.rr,-
tures.

Properties varied with powder lot to such an extent as to affe':t
design parameters.

This technical documentary report has been reviewed and is approved.

D. A. Shinn, Chief
Materials Information Branch
Materials Application Division
AF Materials Laboratory
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I. INTRODUCTION

In April of 1962, The Marquardt Corporation subcontracted from
The Hughes Tool Company to perform the final phases of Contract AF33(616)-7385,
"Design Properties of Wrought Tungsten (Elevated Temperature Mechanical Tooting).
The work was conducted by the Materials Research and Development laboratory
of the Materials and Process Section. The objective and technical phases of
the program have been abstracted from ASD-TDR-63-585, Volume I, and are prouented
below for the purpose of supplying background information.

"The principal objective of this program is to determine the
mechanical properties of commercially available unalloyed tungsten and
develop a compilation of representative data that can be used by the designer
for very high temperature applications."

"The first phase of this program is to establish a material specifi-
cation that will insure a high quality level....

The second phase will determine the effect on properties of
material produced to the resulting specification by five (5) producers of
tungsten products....

The third phase will determine the effect of four (4) basic
production methods on bar stock....

The fourth phase will determine the effect on nheet of three (3)
types of fabrication methods....

The fifth phase will determine the properties of the material
under the following conditions: Eight (8) temperatures (room temperature,
2000OF and 500CF increments to 50000F); Two (2) hold times of 30 seconds
and 20 minutes; and a strain rate of 0.1 in/in/sec throughout the test,
or of 0.001 in/in/sec to yield strength followed by 0.01 in/in/sec to
ultimate strength....

The sixth phase will consist of creep tests. Four stresses will
be used to cause two percent creep in times of about 30 seconds, one minute,
20 minutes, and one hour at eight (8) temperatures in 500oF increments from
1500*F to 50006F."

Marquardt contracted to perform the work specifically described in
the fifth and sixth phases of the program with some modifications and additions.
The original objective of the program was not changed; however, in order to
secure optimum data, slight modifications in the technical procedures were
made. These changes were requested prior to the initiation of the work and
involved such parameters as hold time, creep time, and test temperatures.

Manuscript released by authors August 1963 for publication as an ASD Technical
Documentary Report.



OBJECTIVES

'.!arquardt's obJectlveo. for this portion of the complete program
were:

To fabricate test specimens from three powder lots of 0.050 inch
thick pure tungsten sheet.

To conduct creep rupture tests from 1500 to 5000*F to determine
the stresseL required to reach 2% plastic creep in 30, 120, 600, and
3600 ,econds.

To conduct tensile tests from 70F to 5000OF using four different
test condition;. Thene test conditions used various combinations of hold
timea and strain ratoe.

Conduct hardness and chemical compositions checks on the (three
powdur lot!;) shect material supplied.

II. EXPERI'WflA f, TECHiIUI.UE

. ,.TETRA L

The tungs3ten bheat uued In this program was ordered by the Hughes
Tool Company to their Mlaterial Specification E436-1006, Commercially Pure
Tungsten Sheet, dated October 1961. A copy of this specification appears
in Appendix A of thin report. The referenced specification was written during
the first ph!,nes of this program and the development work relating to this
:.pecificftion can be found in ASD-TDR-63-585, Vol. I (Reference 1). The
m,>tersl rwas ordered to a minimum Rockwell hardness of (4 5-N) 50.0. This
v,.lue waz a deviation from the specification requirement of (45-N) 46.0.
,ork at :ugheu had ihown that increased hardness resulted in better room
temper_ýture strength and elongation values.

A great deal of emphasis had been placed on the development of a
materiel spccification and checking of material from many vendors. The
tung::ten :-heat ued in this program (fifth and sixth phases of the over-all
program) can be considered to be among the best obtainable at the time of
purchase (ordered October 1961, delivered March 1962) because of this pre-
liminary work.

All tungsten sheet was supplied by Fansteel Metallurgical Corporation.
The material was prepared from three identically processed powder lots. There
were 38• heeto it, 7,ot A, 35 sheets in Lot B, and 35 sheets in Lot C. All
sheets had the following dimensions: 11 inches long, 3 inches wide, and
0.050 inches thick. Visual inspection disclosed that some sheets had severe
laminations and surface defects. Test specimens prepared from these sheets
were carefully checked to insure the absence of any defects which would
influence the accuracy of the results. (E. g., no specimen was tested which

2



had a defect in the reduced section; however, several specimens did contain
defects in the grip portion). Each lot of tungsten was chemically analyzed.
The test specimens were identified to conform to the identification procedure
used in the first phases of this program, ASD-TDR-63-585 (Reference 1).

However, it should be noted that specimens designated "BA",
"BB", "BC" in this report were not prepared from the same material noted in
Reference 1. The specimen identification procedure used at Marquardt is
given below:

Lot Specimen Number

A BA-I through BA-IT8

B BB-I through BB-i67

C BC-I through BC-169

B A I

I L-• Specimen number

Lot designation (three (3)
lots from producer)

P•roducer (Fansteel)

B. TEST SPECDONS

1. Geometry

A rectangular test specimen design (i.e., no reduced section)
was employed during the initial phases of this program by Hughes Tool Company.
However, in attempting to continue with this same configuration, some
difficulties were encountered. Preliminary tests on 1/2 x 11 inch
rectangular tungsten specimens at temperatures of 2500*F to 5000OF dis-
closed the following problems:

a. Overheating of the copper friction grip assemblies.

b. Excessive oxidation of the specimen in the area outside
the atmosphere chamber.

From these findings, the decision was made to machine the
center 2-1/2 inch section of the specimen to one-half the sample width.
This concentrated the heating to the center section, minimized the tempera-
ture gradient and gave more accurate results for the procedures employed.
The concentration of heating eliminated failures from oxidation of that
part of the specimen outside the atmosphere chamber.

3



2. Fabrication

All specimens were machined by Ibarnuardt's Manutacturing
Department to the configuration shown in Figure 1. After machining, the
specimens were dye penetrant checked for laminations and cracking. About
2% were rejected because of excessive cracks. Specimens having minute
cracks located outside the reduced section were accepted. Light passe3 on
a belt sander removed ,urface and edge irregularities and oxidation. The
surface preparation descrIbed resulted in the following advantages:

a. Accuracy of hardness mea.urementu were increased.

b. Thermocouple attachment was facilitated.

c. Data scatter was reduced.

C. TEST D".U1I['1.NT

I. vlarquardt EPlevated Temperature Tent Aachino (TM4-1)

Thiz machine wa.ý developed by The larquardt Corporation -o
evaluate the mechanical properties; of material.; from cryogenic tc.npnra-.'uren,
to their melting points. The test machine is hydraulically loaded aid ha-; a
capacity of .0,000 pound&: in tension or compre-sion. Teots, are Geverally
run by controlling strain or load rate. A built-in programmer ma!ata
positive rate control continuously and automatically. The programmwer 1:, 'ed
by electrical feedback signals from the extensometer (strain rats control)
or the load cell (load rate control) depending upon which control method is
being used. The testing speed may be varied at any time during the te:st.

Strain measurements are made with a separable, differential t.tvans-
former type extensometer which is clipped directly to the test portion of the
specimen. Special high temperature gripping tips are used. The extcns•o-
meter is water cooled. The .xtensometer remains in place until the upocinm(r,
ruptures and a complete tensile :-tress-•train curve in obt,!':Ied for eacth
tensile test. These curves are automatically plotted on a high response
Moseley Autograf X-Y recorder.

Test temperatures in excess of 5000*F and heating rates in excess
of 200OF/second were attained by using self-resistance heating. The source
of the heating current was a 10 KVA cycle step-down trans:former. Heating
current to the specimen was automatically controlled by a Variac, which in
turn was controlled by the output of thermocouples attached to the test
specimen.

Constant improvement in both the physical machine and procedural
methods have provided Marquardt with a sophisticated piece of elevated
temperature mechanical test equipment that can provide Information no other
equipment can duplicate.



Because of the combination of high test temperatures and low
load required, certain modifications to the TM-I were necessary. These were:

a. The use of aluminum (vs. steel) spacer blocks to reduce the
inertia of the ram system when tensile loading starts.

b. The complete redesigning of the tailatock of the n4-1 to reduce
friction by installing linear bearings.

c. Support rails utilizing roller bearings were designed and
installed to eliminate any tendency for the load cell to
rotate.

d. To insure smooth operation, at the low loads expected, a
new threaded attachment for the load cell and a new collar
for thermal expansion "take up" were made. In addition,
all threaded components were hand lapped.

Special friction grips were designed, fabricated, and tested.
In addition to gripping the test coupons to apply the tensile load, friction
grips must also transmit high amperage current to heat the specimen to the
required test temperature. The friction grips were therefore fabricated
from copper because of its low electrical resistivity, high thermal conductiv-
ity, and high ductility. High ductility was necessary to insure that the
gripping force would tend to deform the copper blocks rather than shatter
the tungsten strip. Numerous tests were run to determine necessary grip
engagement length to prevent pullout ur slippage, minimum engagement for
electrical conduction across the tungsten specimen and optimum and uniform
bolting torque to apply a uniform gripping force. Various shim thicknesses
were also Investigated.

D. TEST PROCEDURES

I. Hardness

Initial hardness readings obtained using the Rockwell 4,5-N scale
were not consistent, due to surface variations. The Rockwell A scale gave
more consistent values because of its deeper indentation.

Rockwell A hardness measurements were taken on each test specimen
after machining. The measurements were taken on a belt sanded surface of
the grip area approximately one-half inch from the reduced area.

2. Creep Rupture Tests

A static loading system was incorporated on the TM-I machine for
conducting the high temperature (low load) creep-rupture testing. Dead weight
loading was used and the force transmitted by pulley and cable directly to
the specimen grips. At the start of each test a hydraulic system was used
to apply the load at a consistent rate.



The fpecimens were resistance heated to the required test
temperature at 2000F/seconds, the same rate used for tensile tests. The
specimens were held at temperature for one minute to insure stabilization.
The re-!ulred stress was applied rapidly, within 1-2 seconds, in order to
avoid variable or excessive deformation during the loading period. The
creep deformation (strain) was recorded from the moment that the required
::tress level was reached. Strain was measured with the extensometer
tttched directly to the test portion of the specimen as in the tensile

tentsi. The creep vs. time curves were automatically recorded on a Wheelco
n.ngle channel strip chart recorder calibrated to read 0.100 inch full
ý;cnlo, with the smallest increment being 0.001 inch.

The Hughes Tool Company requested that four stress levels be used
for each temperature and powder lot to be tested. Specifically .----
Oc of the four creep stress levels shall be the 0.2% offset yield stress
taker from the short-time tensile stress-strain curves. Based on prior
tcnts, it ir expected that this stress will cause 2% creep in approximately
ter. minutes. The remaining three creep stress levels shall be chosen by
the seller such that 2% creep will occur in approximately 0.5, 2.0, and
60 minutes. After several exploratory tests, Marquardt found that creep
tcjtlng at the yield strength gave 2% creep in 10 minutes at only a few
temperatureo. It was assumed that the emphasis was meant to be on obtaining
4 creep in 10 minutes, not in testing at the yield strength. For the
remainder of the creep testing, the yield strength requirement was dis-
regarded and testing to obtain 2% creep in 10 minutes was substituted for
this specific requirement.

3. Tensile Tests

Each lot of material was tensile tested using four different
:;ets of test conditions. These conditions were:

Strain Rate Hold Time
(in/min) (minutes)

Teo t TTO o . 00-2•6"'i" . 500-5000OF
Condition Yield Rupture Tensilb Tests Tensile Tests

1 0.005 0.05 5 3

2 0.05 0.5 5 3

3 0.005 0.05 30 30

S0.05 0.5 30 30

The tensile specimens tested at elevated temperatures were
heated by electrical self-resistance at a controlled rate of 200SF/second.
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The TM-I programmer was activated at the completion of the hold time. The
feedback system held the desired strain rate and the specimen was stressed
to the yield strength. The strain rate was then increased by a factor of
ten and the loading was continued until the specimen failed.

4. Temperature Measurements

Temperature measurements from 1500 to 3000F were taken using
Platinum-6% Rhodium vs. Platinum-30% Rhodium thermocouples (Baker Platinum,
Div. Englehard Industries). Tungsten vs. Tungsten-2 6% Rhenium (Hoskins
Manufacturing Company) thermocouples were used for temperatures of 35000F
to 50008F. A Leeds and Northrup millivolt potentiometer was used to read
both types of thermocouples.

Initially, two thermocouples were attached to the reduced portion
of each test specimen. After runs at various test temperatures it was
apparent that temperatures could be held within approximately ± 1% along
the gage length with the specimen configuration being used. Thereafter, only
one thermocouple was used.

Initially, there was no thermocouple calibration for Tungsten
vs. Tungsten-26% Rhenium at 4500 and 50000F. Based on extrapolation and
past experience, values of 40.68 millivolts at 4500"F and 43.0 at 50000°F
were used. Recent data published by Hoskins Manufacturing Company c1o:;c.ly
agree with these values.

5. Protective Atmosphere

The T1-1 Atmosphere Enclosure and an atmosphere of 93%
Argon-7o Hydrogen were used for all elevated temperature tensile and
creep rupture tests. Complete coverage of the reduced area of the test
specimen is afforded by this chamber which has been utilized many times
on other programs.

III RESULTS

A. HARDNESS

The Rockwell A hardness values for each specimen used in thiu
program are listed in Tables I through III.

B. CREEP

The stress vs. time creep-rupture curves for powder Lots, A, B,
and C, for temperatures of 15000F to 50000F, are presented in Figures 'e2
through 9, 10 through 17, and 18 through 25 respectively. The data are
listed in Tables IV through XI, XII through XIX, and XX through XXVII,
respectively.
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On a stress vs. time basis, the 2% creep lines for each test
temperature have been plotted on one graph for each powder lot. Figures
26 through 28 present these graphsefor Powder Lots A, B, ana C, respectively.

Composite graphs and a table were made up to show the stress
required to reach 2% creep in 30, 120, 600, and 3600 seconds for each
powder lot. Each graph includes this data for all test temperatures
(1500-50000F). Figures 29 through 31 contain these composite graphs for
Powder Lots A, B, and C, respectively. Table XXVIII contains the data uaud
to develop these figures.

Figures 32 and 33 were prepared to compare creep properties of
the three powder lots. Figure 32 3howu 2% creep in 30 seconds at tempera-
tures from 1500 to 5000*F. Figure 33 shows 2% creep in 3600 seconds at
temperatures from 1500 to 50000 F.

C. TENS ILE TESTS

The results of the Hoom Temperature to 5000"F tenuile touts for
Test Condition 1, Powder Lots :!, B, and C are reported in Tables XXIX through
XXXIV. Similar results for Test Condition 2 are reportod in Tables XXXV
through XXXIX. Results for Test Condition 3 are pre:ýented in Table XXXX
through XXXXII. Results for Test Condition 4 are presented in Tables XXXXII
through XXXXV.

D. CHEMICAL COMPOSITION

Samples from all three powder lots were analyzed for oxygen,
hydrogen, carbon, and nitrogen and thirty-four (34) other elements. The
results are presented in Table XXXXVI.

IV DISCUSSION

A. HARDNESS

1. Hardness

The hardness values for Powder Lots A and C were similar, with
the majority of values from both lots falling between Rockwell A 73.0 and
74.0. Powder Lot B had a slightly higher hardness, with most values betwcen
74.0 and 75.0.

q. Hardness versus Tensile

In addition to higher hardness values, Powder Lot B also had higher
ultimate and yield strength values than Lots A and C for test temperatures of
2000SF and below. If there were a true correlation between hardness and
tensile values, it would be operative only at temperatures below the re-
crystallization temperature of the metal. For tung:;ten, the recrysjtalliza-
tioý. 'uperature is between 2500 and 30000F. There appears to be a valid
cor'> *.tion between hardness and tensile value. at test temperatureLs (f
2000OF and below.



B. CREEP TESTS

All creep lines plotted were determined using the most conserva-
tive points. This was particularly Justified because of the slight cooling
experienced at the extreme ends of the two-inch gage length.

In Figure 32, presenting stress to reach 2% creep in 30 seconds,
all three powder lots had similar properties up to 35000F. Above 35006F,
Powder Lot B is inferior to either A or C.

In Figure 32, presenting stress to reach 2% creep in 3600
seconds, from 1500 to 30000F Powder Lot A is .;lightly inferior to B or
C, which are almost equal. From 3500 to 50000F, Lot B is inferior to
A or C, which are almost equal.

The creep properties obtained from these identical powder lots
also show behavior not normal to identical heats. All powder lots had
similar creep-rupture properties from 15000F to 3000*F although B was
slightly superior at 15000F. At 35000F and above, the creep-rupture proper-
ties of Lot B fall well below those of Lot C or A which are about equal.

C. TENSILE TESTS

1. Tensile Tests - Effect of Strain Rate on Strength and Elongation

a. Strength

A detailed statistical study was not made, however, certain
trends were apparent. For Lots B and C, the higher strain rates (for Y.S.
0.05 In/min. vs. 0.005 in/min.; for U.T.S. 0.5 in/min. vs. 0.05 in/mmn.)
gave hiegher values for most test temperatures from R.T. to 50000F. This
increase varied from I to 40 percent.

For Lot A, the higher strain rates gave higher Y.S. and U.T.S.
values for most test temperatures of 20000F and above. For temperatures
below 3500OF there were some cases in which the slower strain rates gave higher
values or resulted in no change.

b. Elongation

Strain rate changes the elongation values of wrought tungsten
only at temperatures in excess of 30000F. In 71% of all tests above 30007F,
where strain rate was increased by a factor of ten, increases in total
elongation of up to 7% (elongation %) were noted. This behavior was noted
in all powder lots.

2. Tensile Tests - Effect of Hold Time on Strength and Elongation

a. Strength

For each powder lot, data for comparison of tensile and yield
strength vs. hold time were available only at test temperatures of 2000,
2500, 3000 and 35007?. The hold times investigated were:

9



]Hold Time Test Temperatures
* (I~lin.) °7

3 2500- 3500*

5 2000

30 2000 - 35000

A 3000 and 35000F, the 30 minute hold time tests had no
appcrrenrt effect on ultimate tensile and yield strengths. At 20000F,
the 5 minute hold time tests gave ultimate and yield values of 0 -38%
(Srcater than the 30 minute hold time tests. At 25000F, a 3 minute hold
time gave yield strength values 1000p greater than tests with a 30 minute
hold time, ultimate tensile strength values for the 3 minute hold times
were up to 50. greater.

The modest decrease in ultimate tensile strength and yield
-trength at 2000F is due to the material being stress relieved while under
teqt. Those 25000 F .amples, held for 30 minutes, exhibited a consequent
l',rge drop in :;trength values. This drop was caused by considerable
recryzýt!:lization.

The large drops in tensile strength values between 20000F
and 2500 F, found for tent conditions I through 4, are caused by a combina-
tion of two factors. These factors are the normal drop in strength accompany-
ing increased test temperatures combined with the lowering in strength
associated with recrystallization.

b. Elongation

Exposure for prolonged periods at temperature (30 minutes)
did not affect elongation properties at 20006F. However, at 2500 and 3000OF
the 30 minute hold time appears to greatly increase total elongation values.
in 939; of the tests conducted at 2500 and 30000F, ductility increased with
the 30 minute hold time. Elongation values doubled at 25000F in several
case,. Lesser increases occurred at 3000OF in all but one case.

3. Tensile Tests - Effect of Powder Lot on Strength and Elongation

a. Strength

From room temperature to 2000OF the ultimate and yield
strengths of powder Lot B were consistently higher than both Lots A and C
for all test conditions. For all test conditions from 3000OF to 5000*F
little difference was found to exist between the lots, although Powder
Lot C had slightly higher values.
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Data obtained from each test condition were examined for

general trends. Approximate values are given below.

Test Condition I

Below 2500OF Lot B is superior to Lot A in yield strength
by 7-17% and tensile strength by 8-9%, it is superior to Lot C by 5-28%
and 21% rMspectively. At 2500OF and above, Lot C is superior in yield
strength to A by 17-95% and in ultimate tensile strength to Lot A by 16%
and Lot B by 14%.

Test Condition 2

From room temperature through 2000*F, Lot B was superior
to Lot A in tensile strength by 6-47% and yield strength by 5-30%. Lot B
was also superior to Lot C in tensile strength by 16-37% and yield strength
by 17-28%. At four of the six higher test temperatures (2500 to 5000OF)
Lot C had the highest ultimate tensile and yield strengths.

Test Condition 3

At 2000F Lot B had the highest tensile and yield strengths
(12% higher than C and 19% higher than A). For the remaining three test
temperatures, Lot C had slightly higher tensile strengths.

Test Condition 4

The results were similar to Test Condition 3, Ibot B had
higher ultimate tensile strengths at 2000OF than A or C by 36% and 7%
and higher yield strengths by 35% and 13% respectively. For the remaining
three temperatures, Lot C had generally higher ultimate tensile and yield
strength properties in all cases.

b. Elongation

Powder Lot C exhibited zero elongation at room temperature
whereas Lots A and C had 0.5 - 0.9%. At 1O000, 15000, and 2000*F Lot C
had slightly higher total elongation values than A or B, which were almost
equal. Elongation at 25000 F (approximate recrystallization temperature)
increased for all lots to approximately I to 3 1/2 times those obtained
at 2000*F (below the recrystallization temperature). In the temperature
range of 25000F to 5000*F elongation values varied widely from lot to lot.
At 2500 and 3000*F, Lot B generally has higher elongation than A or C.
From 3500-50000F, Lot A generally has highest elongation.

V CONCLUSIONS

A. HARDNESS

1. Hardness versus Tensile Strength

Hardness, tensile, and yield strengths can be correlated
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directly for entire powder lots below 2500*F.

B. CREEP

Creep-rupture properties were generally similar from lot to
lot. But the creep-rupture properties of Powder Lot B at 3500'F and
above were well below those of Lots A and C.

C. TENSILE TESTS

1. Tensile Tests - Effect of Strain Rate on Strength and Elongation

a. Strength

The higher strain rates generally gave higher tensile and
yield strength values at all test temperatures for Powder Lots B and C.
For Lot A, faster strain rates generally gave higher tensile values, at
temperatures of 2000*F to 5000°F only.

b. Elongation

Below 3000°F increases in strain rate did not affect the
elongation values. From 3000-50000F, a noticeable increase in elongation
values resulted from increases in strain rate.

2. Tensile Tests - Effect of Hold Time on Strength and Elongation

a. Strength

Hligher tensile values were found at 2000 and 2500°F for
short hold time (3 and 5 minutes vs. 30 minutes).

b. Elongation

Higher elongation values were found at the 2500 and 3000°F
test temperatures for the longer hold time (30 minutej vs. 3 or 5 minutcs).
This effect of hold time did not exist for any other test temperatures.

3. Tensile Tests - Effect of Powder Lot on Strengths and Elongation

Although processed identically, all powder lots did not exhibit
identical or even similar behavior in elevated temperature tensile testing.
Experimental techniques and normal scatter in testing no doubt contributed
to these variations, however, there exists certain trends which indicate
a basic difference among powder lots. The first indication was in hardness
values. Lots A and C exhibited definitely lower hardnesses than did Lot B.
Secondly, the tensile strengths of Lots A and C are definitely lower than
Lot B at temperatures of 2000*F and lower. This would indicate a valid
correlation of tensile properties with hardness values at these tempera-
tures and a definite difference between Lot B and Lots A and C.

12



Differences in elongation values between powder lots further
strengthens the possibility that variations do exist in the basic makeup
of the three powder lots and/or the processes involved in fabrication of
the material.

VI RECOMMENDATIONS

Great care should be taken when designing and producing assem-
blies from wrought tungsten because of the variations that exist in
different lots of material. Large variations can be expected when using
material produced at different times or from different producers. Designing
from mechanical properties developed for one or two powder lots and pro-
ducing parts from other undocumented lots is particularly discouraged.

Whi-le this program indicated that the creep properties did not
vary as much as tensile properties, variations were found in both that
were large enough to affect design requirements. These variations were
found even after great care had been taken in specification writing,
vendor choice and in-plant quality assurance tests.

The scatter obtained indicates that the state of the art in the
production of wrought tungsten, while advancing rapidly, is still in need
of improvement to meet aerospace industry needs. Continuing work is needed
on the determination of mechanical properties of wrought tungsten. More
data are required in order to establish statistical values and confidence
levels for use by designers. Additional data will also allow monitoring
of the continuing improvement in the state of the art in the production
of wrought tungsten. It is therefore recommended that a program be
initiated to continue the work wrought tungsten. This program should include:

a. Tightening and modification of the tungsten specification
with respect to mechanical properties.

b. Evaluation of tungsten material produced to meet the more
stringent specification requirements.

a. Establishment of statistical confidence levels for tungsten
mechanical properties for design purposes.
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FIGURE 26. TIME AND STRESS REQUIRED TO REACH 2% CREEP AT
VARIOUS TEST TEMPERATURES

POWDER LOT A
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FIGURE 28. TIME AND STRESS REQUIRED TO REACH 2% CREEP AT
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POWDER LOT C
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FIGURE 32. MINIMUM STRESS REQUI_9;D TO REACH 2% CREEP IN 30
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One or two measurements taken on each test specimen

Rockwell A Scale

Specimen i Specimen Specimen
Number Readings Number Readings 1 Number Readings

BA-I 74.0 74.0 BA-40 72.5 i71.5 11 BA-79 73.0
BA-2 73.0 73.0 BA-41 74.0 73.5 BA-80 73.5
BA-3 74.0 73.0 BA-42 72.5 72.0 BA-81 74.0
BA-4 72.0 73.0 BA-43 73.0 74.0 BA-82 73.5
BA-5 73.5 74.0 BA-44 74.0 73.5 BA-83 74.0
BA-6 73.5 73.5 BA-45 72.5 72.0 BA-84 74.0
BA-7 73.0 74.0 o A-46 74.0 73.5 BA-85 73.0
BA-8 72.5 73.0 BA-47 72.5 71.5 BA-86 74.0
BA-9 73.5 73.5 BA-48 74.0 73.5 BA-87 73.0
BA-10 74.5 74.0 BA-49 73.5 73.0 BA-g8 72.5
BA-1l 75.0 74.0 BA-50 73.0 74.0 BA-89 74.0
BA-12 73.5 73.0 BA-51 72.5 73.0 BA-90 74.0
BA-13 73.0 74.o BA-52 74.o 73.0 BA-91 73.0
BA-14 72.5 73.0 BA-53 72.5 72.5 BA-92 74.0
BA-15 73.5 73.5 BA- 54. 72.0 74.0 BA-93 73.5
BA-16 73.5 73.0 BA-55 74.5 73.5 BA-94 73.5
BA-17 73.5 72.5 BA-56 74.5 74.0 BA-95 73.5
BA-18 71.5 72.0 BA-57 74.0 74.5 BA-96 73.5
BA-19 73.5 73.0 BA-ýB 73.0 74.5 MA-97 73.5
BA-20 73.0 72.5 BA-59 74.5 73.0 Bh-98 73.5 74.0
BA-21 73.0 73.5 BA-60 73.0 73.5 BA-99 74.0 73.5
BA-22 73.0 73.0 BA-61 73.0 BA-100 73.5 74.0
BA-23 73.0 73.0 BA-62 74.0 BA-101 73.5 74.0
BA-24 72.0 73.0 BA-63 74.0 BA- 10 73.0 73.0
BA-25 73.5 72.5 BA-64 73.0 BA-103 73.5 74.o
BA-26 73.5 73.0 BA-65 74.0 BA-104 74.o 73.5
BA-27 72.0 73.0 BA-66 73.0 BA-105 74.5 74.0
BA-28 72.0 73.5 BA-67 73.5 BA-l06 73.5 73.5
BA-29 74.5 73.5 BA-68 74.0 BA-107 74.0 74.5
BA-30 72.5 73.0 BA-69 73.5 MA-108 74.0 74.u
BA-31 71.5 72.5 BA-70 73.5 BA-109 74.5 74.0
BA-32 72.0 71.5 BA-71 73.0 BA-110 74.0 74.o
BA-33 72.0 71.5 BA-72 74.0 BA-IIL 75.0 75.0
BA-34 72.5 73.5 BA-73 73.0 BA-112 73.5 74.0
BA-35 73.5 73.5 BA-74 74.0 BA-o13 74.0 71.0
BA-36 74.0 73.0 BA-75 74.0 BA-1 1i 74.o 74.0
BA-37 72.5 72.5 BA-76 73.0 BA-15 73.5 74.0
BA-38 73.0 73.5 BA-77 73.5 BA-116 73.0 74.0
BA-39 72.5 72.0 BA-78 73.5 BA-117 74.o 74.o
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TABLE I (Continued)

HARDIESS AEASUREMENTS - PCUDER LOT A

Specipecimespecimen Specimen
Number , Readings Number Readings Number Readingq

BA-116 73.5 74.0 BA-139 74.0 73.5 BA-159 74.5 74.5
BA-1.9 73.5 73.5 BA-140 72.5 73.0 BA-160 73.5 74.O
BA-i20 7 74.5 74.0 BA-14L 74.5 75.0 BA-161 73.0 73.5
BA-121 75.5 75.5 BA-142 74.0 74.0 BA-162 72.5 73.0
BA-122 74.0 74.0 BA-143 73.5 74.o BA-163 73.0 73.0
BA-123 73.5 73.5 BA-144 74.0 73.5 BA-164 74.0 74.0
BA-124 73.5 BA-145 74.0 74.0 BA-165 74.5 74.0
BA-125 74.5 74.0 BA-146 75.5 75.5 BA-166 72.5 73.0
B•-126 74.5 74.0 BA-147 73.5 73.5 BA-167 73.5 74.0
BA-127 74 0 74.5 BA-148 73.0 73.5 BA-168 73.5 73.5
BA-128 74.0 74.0 BA-149 73.5 73.5 BA-169 74.0 73.5
BA-129 t 74. 0 73.5 BA-150 74.0 73.5 BA-170 73.0 73.5
BA-130 73.0 73.0 BA-151 73.5 74.0 BA-171 73.0 72.5
BA-131 74.0 74.5 BA-152 74.0 73.5 BA-172 74.0 74.5
BA-132 74.5 74.5 BA-153 74.0 74.0 B,-173 73.0 73.0
BA-133 73.5 73.5 BA-154 74.5 74.0 BA- 174 73.0 73.0
BA-134 74.0 73.5 BA-155 74.0 74.0 W-175 74.0 73.5
BA-135 73.5 73.5 BA-156 73.5 74.0 BA-176 73.5 73.5
BA-136  74.0 74.0 BA-157 74.0 74.5 BA-177 74.5 74.0
BA-137 73:5 74:0 BA-158 74.5 74.5 BA-178 73.5 73.5
BA-138 73.0 72.5
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TABLE II

HARDNESS MEASURMENTS - POWDER LOT B

One or two measurements taken on each test specimen

Rockwell A Scale

jSpecimen Specimen SpecimenI
Number Readings. Number Readings Number Readirgs
BB-I 75.0 75.0 BB-41 76.0 76.0 B EB-81 74.5
BE-2 74.5 74.5 BB-42 74.5 74.0 1. BB-82 75.0
BB-3 74.0 74.5 BB-43 75.5 75.5 1 BB-83 75.0
BB-4 74.0 74.o BB-44 75.5 75.5 BB-84 75.0
BB-5 74.5 75.0 BB-45 75.5 75.5 1 BB-85 74.5
BB-6 74.5 74.5 BB-46 74.0 74.0 BE-66 75.0
BB-7 74.5 175.0 BB-47 75.0 175.5 BB-87 75.0
B-8 74.0 74.o BB-48 75:0 75.0 1 BB-8 74.0BB-9 75.5 74:5 BB-49 75.5 76.01 BB-89 74.o

BB-10 75.0 75 5 B-50 75.0 75.5 BB-90 74.5
B-Il 75.0 75.0 BB-51 75.0 75.5 BB-91 75.5
BB-12 75.0 75.5 BB-52 74.0 74.5 BB-92 74.5
BB-13 75.0 75.5 BB-53 74.0 74.0 B-93 75.0
BB-14 74.5 75.0 BB-54 75.0 75.0 BB-9 74.5
BB-I5 75.0 75.0 BB-55 74.5 75.0 BB-95 74.5
=D-16 75.0 75.0 BB-56 75.0 BB=96 73.5
BB-17 75.0 75.5 BB-57 74.0 BB-97 75.0
BB-18 74.0 75.0 BB-58 74.5 BB-98 75.0
BB-19 75.0 75.0 BB-59 74.0 BB-99 74.5
BB-20 75.0 75.5 BB-60 75.5 BB-100 74.5
BB-21 75.0 75.0 BB-61 74.0 BB-0l1 74.0
BB-22 75.0 75.0 BB-62 75.0 BB-102 74.5
BB-23 75.0 75.0 BB-63 74.5 BB-103 75.0
BB-24 75.0 75.0 BB-64 75.0 BE-lo4 74.0
BE-25 75.0 75.0 BE-65 74.5 B-lo5 74.0
BB-26 75.0 75.5 BB-66 74.5 BB-106 75.5
BB-27 75.0 75.5 BB-67 I 74.0 BB-107 75.0
EB-28 74.5 74.5 BB-68 75.0 B-108 I 74.0
BB-29 75.5 75.5 BB-69 74.5 BB-109 74.5
BB-30 74.5 75.0 BB-70 75.0 BB-1i0 74.5
BB-31 75.0 74.5 BB-71 74.0 BB-111 74.0
1B-32 75.5 1 75.5 BB-72 74.5 BB-112 74.0
BB-33 75.0 75.0 BB-73 74.5 BB-113 74.5
BB-34 75.0 75.0 BB-74 75.5 BB-1i4 73.5
BB-35 74.5 74.5 BB-75 75.0 BB-115 74.5
BB-36 75.5 76.0 BB-76 74.0 BB-16 74.5
BB-37 76.0c 76.0 BB-77 75.0 BB-117 74.5
BB-38 74.5 75.0 BB-78 74.5 BB-1b5 74.0
BB-39 75.0 75.0 BB-79 75.0 BE-119 75.0
BB- 0 75.0 75.0 BB-80 74.5 BB-120 74.5
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TABLE 11 (Continued)

HKEDNBSS MESUREMET - P0IDER LOT B

Specimen specimen Speimen~

Number Readings Number Readin !s Number Iedfi

B11714.o BB-137 73.0 BB-153 I714.0
B-12714. BB-138 714.5 BB--514 I714.51

BB-123 75.5 BB-139 1 714.0 BB-155 714.0
BB-1214 714.5 BB-114o 75.0 BB-1-56 714.0
BB-125 7.0 BB-1141 714.0o BB-1-57 714.0
BB-19-6 714.o BB-1142 j 75.0 BB-158 714.0
BB-127 714.5 1 BB-143 75.0 BB-159 73.5 714.0
BB-128 75.0 1 BB-L1414 73.0 BE3-160 75.0
BB-129 73. BB-114574oB-6 7.5 50

3-114 7140 33162 5.BB-130 73.0 BB-4 75.0 BB-161. 71. 75 .
BB-131 75.0 BB-1147 714.5 BB-163 75.0
BB-132 714.0 BB-1148 714.0 331.614 I75-0. 76.0

33-13 75 ~ BB-14q~- 73.5 BB-165 7.
BB14714.5 '1 BB-150 i 714.5 BB-166 76.0 I75.0

BB-135 714. BB-3151. 75.0 BB-167 I714.0 j75.0
____________74.5__ BB 15 73.5 ______ ___



TABLE III

HARDESS MEASUREMENTS - POWDER LOT C

One or two measurements taken on each test specimen

Rockwell A Scale

Specimen Specimen r Specimen
Number Read ins Number R 3eadings Number Readrings

BC-I 73.5 174.5 BC-40 75.0 BC-79 73.5 74.0
Bc-2 72.5 72.5 BC-41 73.5 B0-80 72.5 73.5
BC-3 74.5 74.0 'BC-42 73.5 BC-81 i73.0 73.0
BC-4 73.0 174.0 BC43 73.5 BC-82 73.0 73.0
BC-5 73.0 73.5 BC-44 73.5 BC-83 73.0 74.o
3c-6 74.5 73.5 BC-45 73.0 BC-84 72.5 73.0
BC-7 74.0 o 73.5 BC-46 73.0 BC-85 73.5 73.5
3C-8 73.0 74.0 BC-47 74.0 BC-66 75.0 73.5
BC-9 73.0 73.5 BC-48 73.0 BC-87 72.5 73.5
BC-10 72.5 74.0 BC-49 74.0 BC-88 73.5 74.0
BC-I1 73.5 74.5 BC-50 72.0 73.0 BC-89 73.0 71.5
BC-12 74.0 74.0 BC-51 73.0 75.0 74.5
BC-13 73.0 74.0 BC-52 72.0 72.0 BC-90 74.0 73.0
30-14 75.0 74.5 30-53 72.5 BC-91 74.5 72.5
BC-15 73.0 74.0 BC-54 73.0 BC-92 73.5 73.0
BC-16 73.0 73.5 BC-55 73.0 , BC-93 73.0 75.5
BC-17 73.5 74.0 BC-56 74.0 BC-94 72.5 74.0
Bc-18 74.0 74.0 BC-57 73.5 BC-95 72.5 73.0
BC-19 74.0 73.0 BC-58 72.0 73.5 BC-96 73.5 74.0
BC-20 74.0 '73.5 BC-59 73.5 BC-97 73.0 73.5
BC-21 73.0 72.0 BC-60 74.0 BC-98 73.5 73.5
BC-22 73.5 ;73.5 BC-61 72.5 BC-99 73.5 74.0
30-23 73.0 74.0 BC-62 73.0 BC-100 73.5 74.0
BC-24 73.5 73.5 BC-63 73.5 BC-10I 74.0 73.0
B0-25 73.5 BC-64 73.0 BC-102 73.5 73.5
30-26 73.0 BC-65 73.0 73.5 BC-103 73.0 73.5
BC-27 72.0 73.0 30-66 73.5 74.0 BC-104 73.5 72.5
30-28 72.0 '71.5 30-67 73.0 72.5 BC-105 73.0 73.0
BC-29 73.5 BC-68 73.5 74.0 BC-106 73.5 73.5
30-30 73.5 BC-69 73.0 74.0 BC-107 73.0 72.5
BC-31 73.5 BC-70 74.0 73.0 30-108 73.0 74.0
B0-32 73.5 BC-71 73.0 73.5 BC-109 72.5 74.0
BC-33 74.5 BC-72 73.0 72.5 BC-110 73.5 73.5
30-34 72.5 BC-73 72.5 72.5 BC-111 73.5 74.0
BC-35 74.o BC-74 73.0 73.0 BC-112 I 73.0 73.5
BC-36 73.5 BC-75 73.0 73.0 30-113 72.5 74.o
BC-37 73.5 BC-76 72.0 73.0 BC-i14 74.0 73.5
BC-38 73.0 BC-77 73.5 73.0 BC-115 73.0 73.5
BC-39 73.5 BC-78 72.5 74.0 BC- 116 73.5 73.5
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TABLE III (Continued)

HARDNESS IASUREMEWS - PMIDER LOT C

Specimen Specimen Specimen
Number Readings Number Readin• • Number Readings

BC-117 73.0 73.5 BC-135 73.5 73.0 BC-153 73.0 74.0
BC-118 73.0 73.0 BC-136 74.0 74.o BC-154 73.5 73.5
BC-119 73.5 75.0 BC-137 73.0 74.0 BC-155 73.0 73.0
BC-120 74.5 73.5 BC-138 74.0 74.0 BC-156 74.c 74.5
BC-121 74.5 73.5 BC-139 73.5 73.5 1 BC-157 74.0 74.0
BC-122 73.5 74.0 BC-140 73.0 73.0 BC-158 74.0 73.5
BC-123 75.0 74.5 BC-141 74.0 73.5 BC-159 73.0 73.0
BC-124 73.5 73.5 BC-142 73.5 i 74.0 L BC-160 73.5 74.5
BC-125 72.5 72.5 BC-143 73.0 74.0 BC-161 73.0 73.5
BC-126 73.0 73.0 BC-144 73.0 73.0 BC-162 73.0 73.5
BC-127 73.5 73.0 BC-145 73.0 72.5 BC-163 74.0 73.0
BC-128 73.5 73.5 BC-146 73.0 73.0 BC-164 74.0 73.0
BC-129 72.5 73.5 BC-147 73.0 73.0 Bc-165 74.0 73.5
BC-130 72.5 73.0 BC-146 72.5 73.0 BC-166 73.5 73.5
BC-131 73.0 72.5 BC-149 73.5 75.0 Bc-167 74.0 73.0
BC-132 72.5 74.0 BC-150 73.0 74.5 BC-168 73.5 74.0
BC-133 73 74.5 30-152 72.5 72.5 C1 BC-169 73.0 .0

BC-134 73.0 74.5 BC-152 73.0 73.55
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TABLE XXV11I

STRESS REUIED TO RMACH
2% CREEP IN 30, 120, 600, AIM 3600 SECD8

Test Stress (kpsi) To Reach _2% Creep*_
Powder Temperature
Lot. ) 30 Seconds' 120 Seconds 60 Seconds 3600 Seconds

A 1500 111.5 107.5 103.0 98.0
2000 69.0 65.o 62.0 60.0

"2500 29.0 24.5 22.5 20.0
:3000 14.0 12.0 1o0.0 7.7

3500 10.0 8.1 6.2 5.0
4000 5.9 4.9 4.2 3.6
4500 (3.6)1 2.25 1.7 1.5
0o0o 1.6. 1.45 1.30 (0.92)1

3 1500 127.0 1.23.0 117.0 115.0
2 000 90.0 80.0 71.5 63.0
2500 (32.0)1 22.5 (17.o)1
.3000 15.0 12.0 io.o (7.7)1
3500 9-7 7.6 6.3 5.24ow0 4.1 3.5 .85 12 1_,
4500 2.35 1.9 .1.45 i 1.25
5000 2.0 1.5 '..25 (°9)1-

c 1500 105.0 101.0 98.0 93.0
2000 (87.-0) 78.0 72.0 65.0
2500 - '40.0 28.0 -

3000 15.5 13.5. 11.0 8.5
3500 10.5 8.7 7.3 5:84000 7.3 5.7 :4.5 4.o

4500 3.2 2.6 1.8 1.3
'5000 (2.1)1 1.7 1.25 0.97

* The line on each creep graph indicating minimum stress to reach 2%
creep has been used in making up this table.

( )1 Extrapolated or interpolated.
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TABLE XXXXVI

CHEMICAL COMPOSITION

Parts Per Million, ppm
(by weight) I
O de L ...... .Method

Element A B C Used

Oxygen 20.0 21.7 a

Hydrogen 0.3 0.6 1.0 a

Carbon 49.o 40.0 25.0 •

Nitrogen 5.0 11.0 11.0 b

Mn 1410.0 20.0 10.0 d

Co, Pb, Ni, Zn, Sr, Less than 100 ppm for all d
P, Ta, Nb, Ga, Zr powder lots

Cd, Be, Fe, B, Si, Mg, Less than 10 ppm for all d
Cr, Sn, Bi, Al, Mo, V, powder lots
Ba, Ca, Au, Ti, AL, Cu,
Ge, Pt, Na, Li, K

a - Vacuum Fusion (National Research Corp., Cambridge, Mass.)

b - Micro - KJeldahl (National Research Jorp., Cambridge, Mass.)

c - Conductrometric (National Research Corp., Cambridge, Mass.)

d - Semi-Quantitative Spectrographic (The Marquardt Corporation)
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APPENDIX

TUNGSTEN SHEET SPECIFICATION

HMS 6-1066
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NUMBED...HIS 6-1061
MATERIAL SPECIFICATION REVISSD __4-6

TIML, COMMERCIALLY PURE TUNGSTEN SHEET

1. Acknowledgement. A vendor shall mention this specification in all quotations
and when acknowledging purchase orders.

2. Form. .050 inch thick sheet, rolled from ingots which are pressed from

powder and consolidated by sintering.

3. Application. For parts requiring exposure at high temperatures.

4. Composition.
Tungsten Major
Molybdenum 0. 10% max.
.Iron 0. 05% max.
Any other single 0. 01% max.

element

5. Condition

5. 1 High degree of cold reduction

5. 2 No stress relief heat treatment will be used.

5.3 Matte surface due to acid or caustic cleaning is acceptable,

5.4 Surface roughness as measured with a profllometer shall be lees
than 200 microinches.

6. Technical Requirements

6. 1 Bend Ductility

A minimum of three bend angle test values shall be reported.

Specimen size - . 050 x . 500 x length as required
Stress direction - parallel to rolling direction
Bend radius - . 062 inches
Ram deflection rate - 0. 5 inches/min. (approximate)
Test temperature - 350oF (-oo0, 20o0)
Bend angle - 800 minimum
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NUMsES HMS 6-1066

MATERIAL SPECIFICATION ISUED 7-I3-•1T .REVISED . ...... ...

TIlLE, COMMERCIALLY PURE TUNGSTEN SHEET

6.Z2 Hardness
A minimum of five test values on Rockwell Superficial Hardness Scale
45-N shall be reported. No single value shall be lass than 46. 0 and
the average shall be 48. 0 or greater.

6. 3 Microstructure
A highly elongated structure as shown in Figure 52 is desired. The
minimum acceptable is shown in Figure 53, and Figure 54 is an example
of unacceptable structure.

7. Qualit~

7. 1 Material shall be uniform in quality and condition, clean, sound and
free from internal and external imperfections.

7. Z Internal defect area revealed by ultrasonic Inspection shahi not exceed
1% of the surface area; excluding defects occurring within 1/8 inch of
the sheet edge. Edge cracks shall not extend further than 1/8 inch
into the sheet.

7. 3 Flatness - sheet shall be flat within 1% of the distance between contact
points of a straight edge laid in any direction upon the material. The
amount of variation shall be determined by measuring the distance
from the straight edge to the material at the point of greatest devia-
tion. Figure 55 illustrates the method of measurement.

8. Tolerances

Thickness + . 004 inches
Width + . 060 inches

Length + . 060 inches

9. Identification

Material shall be marked with manufacturer's identification and manu-
facturer's powder lot number.

10. Rejectio

Material not conforming to this specification or to authorized modifi-
cations will be subject to rejection.
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HMS-6-1066
5-4-61

7-13-61

Figure 34 Desired Microstructure. 200 X. Murikami's
Etch. Longitudinal Section.

Figure 35 Minimum Acceptable Microstructure. 200 X.
Murikami' s Etch. Longitudinal Section.

Figure 36 Unacceptable Micrcstructure. 200 X. Murikarni's
Etch. Longitudinal Section.
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MATERIAL SPECIFICATION IVssuO- -D7.4-6...

TITLE, COMMERCIALL,. PURE TUNGSTEN SHEET

Straight edge -

(warpage exaggerated)

D shall not be greater than 01

Figure 37. Measurement of Flatness
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